The association between interleukin-6 (IL-6) and angiotensin II receptor 1 (AT1-R) in modulating the progression of heart failure (HF) remains to be fully elucidated. The aim of the present study was to investigate the mechanism of IL-6 and AT1-R in a model of HF induced by surgery. Male Sprague-Dawley rats were randomly divided into five groups, including sham surgery and vehicle groups. The animals were treated for 4 weeks via paraventricular nucleus infusion with either vehicle, losartan (LOS; 200 µg/day), IL-6 (1 µg/day) or LOS and IL-6 together (LOS+IL-6). The rats with HF had higher levels of IL-6, corticotropin-releasing hormone (CRH) and norepinephrine (NE), and a lower level of neuronal nitric oxide synthase (nNOS), compared with the rats in the sham surgery group. Treatment with LOS attenuated the decrease in nNOS and the increases in IL-6, CRH and NE; whereas treatment with IL-6 facilitated the lower expression of nNOS and higher expression levels of IL-6, CRH and NE. No differences in the expression levels of nNOS, CRH or NE were found between the LOS group and LOS+IL-6 group. The results of the study demonstrated that IL-6 contributed to the progression of HF via the AT1-R pathway.
Introduction
As a prominent feature, heart failure (HF) is characterized by sympathetic hyperactivity (1) . Following myocardial injury, increased sympathetic activity has been widely identified, even prior to the onset of HF (2) . The association between inflammation and HF was investigated by Levine et al (3) . However, there are few reports describing inflammation and HF in the paraventricular nucleus (PVN).
Sympathetic activity is widely regulated and includes the renin angiotensin system (RAS) (4) . The RAS is important in the progression of HF. In the PVN, the inhibition of angiotensin receptor-type 1 (AT-1R) can improve sympathetic activity in HF (5) . Further investigation has shown that increased cytokines in the PVN enhance the production of reactive oxygen species, which further exacerbates the sympathoexcitatory effects (6) . In previous studies, the expression of several inflammatory cytokines, in addition to interleukin (IL)-1β (7) , tumor necrosis factor-α (TNF-α) (8) and IL-10 (9), have been reported to be altered in HF. IL-6 is the prototypal inflammatory cytokine and shows high expression in patients with HF (10, 11) . The present study investigated the hypothesis that increased IL-6 contributes to the progression of HF via the AT1-R pathway.
Decreased neuronal nitric oxide synthase (nNOS) has also been identified in rats with HF (12, 13) . In addition, the antagonistic mechanism of nitric oxide (NO) is disrupted by angiotensin II-induced sympathetic hyperactivity, which then increases the production of superoxide, indicating the cross talk between the production of nNOS and the RAS mechanism (14) (15) (16) . However, whether enhanced cytokine production and AT-1Rs in the PVN contribute to HF through regulating nNOS in rats remains to be fully elucidated. The present study also investigated alterations in nNOS in the PVN, including RAS-related hormones.
Materials and methods
Experimental animals. Male Sprague-Dawley rats (weight, 200-250 g; age, 6-8 weeks; n=50), were purchased from Shanghai Experimental Animal Breeding Co. (Shanghai, China). Following adaptation to the environment for 1 week, the rats were randomly divided into five groups: sham (n=10), vehicle (VEH; n=10), LOS (n=10), LOS+IL-6 (n=10) and IL-6 (n=10). In the sham group, the rats received no treatment. The rats were housed in at 22±2˚C and 40-60% humidity and light-controlled room 12 h light/dark with free access to water. The experiments conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (17) . function was assessed using echocardiography 24 h following recovery from surgery. At 4 weeks, the rats were anesthetized for echocardiograph examination and were then sacrificed by inducing an air embolism via intravenous infusion of 1 ml air, tissue and plasma for further analyses was subsequently obtained.
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Implantation of PVN cannulae and coronary ligation.
Alzet miniosmotic pumps (model 2004; Durect Corporation, Cupertino, CA, USA) were used to enable the continuous infusion of drugs. The rats were placed into a stereotaxic apparatus following anesthesia (sodium pentobarbital; 50 mg/kg -1 ; i.p.) The method for PVN cannulation has been described previously (7) . In brief, a stainless steel double cannula with a center-to-center distance of 0.5 mm was implanted into the PVN (2.0 mm posterior to the bregma and 8.5 mm ventral from the skull surface). HF was induced by ligation of the left anterior descending coronary artery, as previously described. In the sham group, surgery was performed in the same manner without ligating the coronary artery. Following surgery, the animals were administered with benzathine penicillin (30,000 units; IM).
E ch oca rdiogra ph ic a ssess m en t of LV f u n ct ion.
Echocardiography was performed using an Acuson Sequoia clinical imager (Siemens AG, Munich, Germany) fitted with an 8-MHz sector-array probe, which generates 2-dimensional images at a rate of 100/sec. The method for assessment LV function has been described previously (7) . The animals were sedated with sodium pentobarbital (25 mg kg -1 ; i.p.) to facilitate positioning for echocardiographic examination. The animal was positioned in the left lateral recumbent position to optimize the windows for echocardiography. The anterior chest was shaved and pre-warmed acoustic coupling gel was applied. Short-axis images were acquired parallel to the mitral valve plane to obtain the largest cross-sectional image of the LV. Long-axis views were obtained perpendicular to the mitral valve plane. Images were stored for subsequent offline analysis. LV end-diastolic volume (LVEDV), LV end-systolic volume, LV ejection fraction (LVEF), LV stroke volume and LV mass were computed. The region of the LV, which exhibited akinesis was planimetered electronically and expressed as a percentage of the total LV silhouette to estimate the size of the ischemic zone. Only animals with large infarctions (ischemic zone ≥40%) were used in the examination.
Tissue microdissection. The animals were sacrificed by decapitation, and their brains were rapidly removed and frozen on dry ice. Serial sections (300 mm) of the brain were obtained using a cryostat maintained at -10˚C. The sections were transferred to coverslips, which were placed on a cold stage set at -10˚C. The PVN was microdissected out using Palkovits' microdissection technique (18) .
Immunohistochemistry. The method for immunohistochemistry has been previously described (19) . Paraffin sections of the artery were deparaffinized and endogenous peroxidase activity was inactivated with 3% H 2 O 2 for 10 min. The Fra-like (Fra-LI) primary antibody (1:200; cat. no. sc-271657; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or normal blocking serum was added and incubated overnight. Biotin-conjugated goat anti-mouse immunoglobulin G (IgG) (1:1,000; cat. no. 115-035-003; Jackson, ImmunoResearch Laboratories, Inc., West Grove, PA, USA) was used as the secondary antibody and incubated for 30 min at 4˚C. An avidin-biotin enzyme reagent was sequentially added and incubated for 20 min. A peroxidase substrate was added and incubated until desired stain intensity developed. Finally, the sections were covered with a glass cover slip and observed under a light microscope. The intensity of positive staining in tissue was analyzed by integrated optical density (IOD) using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA). The Fra-LI expression was expressed as (IOD/area)x100 in accordance with a previous study (20) .
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. The method for mRNA analysis has been described previously (19) . Total RNA was extracted from the artery specimens using TRIzol ® reagent according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The total RNA (1 µg) was used as a template to produce cDNA using an RT kit (BioDev-Tech Co., Ltd., Beijing, China). The qPCR was performed by monitoring the increase in fluorescence of the SYBR Green dye using GreenMaster mix (Genaxxon BioScience, Ulm, Germany) according to the manufacturer's protocol. The primer sets used to amplify nNOS were 5'-gccatccagcataatgacccag-3' (sense) and 5'-gag ggt gat cca aag atg tcc tc -3' (antisense) (21) . The primer sets used to amplify CRH were 5'-cag aac aac agt gcg ggc tca-3' (sense) and 5'-aag gca gac agg gcg aca gag-3' (antisense) (22) . The primer sets used to amplify GAPDH were 5'-ccactttgtgaagctcatttcct-3' (sense) and 5'-tcgtcctcctctggtgctct-3' (antisense). PCR amplification was performed with tag polymerase for 32 cycles at 95˚C for 45 sec, 62˚C for 30 sec and 72˚C for 1 min (for CRH, nNOS and GAPDH). The 2 -ΔΔCq method (23) was used to determine relative changes in the gene expression of CRH, nNOS and GAPDH. Values are expressed in relative quantities to the mRNA expression in the control group.
Western blot analysis. The method for western blot analysis has been described previously (19) . The specimens were washed with ice-cold PB and lysed for 20 min on ice with lysis buffer (cat.no. SC-003; Invent, Lund, Sweden). Following lysis, the lysates were centrifuged for 4 min at 394 x g and the supernatants were collected in a fresh tube on ice. The protein concentrations in each sample were determined using a BCA assay. Total proteins (100 µg) were mixed with loading buffer with the anionic denaturing detergent, sodium dodecyl sulfate (SDS), boiled for 5 min and then resolved by 10% SDS polyacrylamide gel electrophoresis. The proteins were transferred onto PVDF membranes. Following blocking of the membranes in TBST containing non-fat milk for 1 h at 4˚C under agitation, the membranes were washed three times in TBST and incubated for 2 h at 4˚C with anti-rat nNOS antibody ( ELISA for IL-6 and NE. The method for the analysis of IL-6 and NE in plasma has been previously described (19) . From all animals, fresh blood samples (3 ml) were obtained via the femoral vein and centrifuged at 2,465 x g for 10 min at 4˚C. The supernatant was placed in a clean centrifuge tube and frozen at -20˚C. Plasma concentrations of IL-6 and NE were assayed using ELISA kits (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's protocol. The minimum detectable concentration of the kits was <1.0 pg/ml; the variation in different boards was <15%. They were not cross-reactive with other soluble structural analogues.
Statistical analysis. The data were analyzed using the SPSS 11.5 program (SPSS, Inc., Chicago, IL, USA) for Windows. Quantitative data are presented as the mean ± standard deviation. For comparison between multiple groups, data was analyzed using one-way analysis of variance, and with Student-Newman-Keuls post hoc analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
LV function alterations.
Echocardiography was used to evaluate alterations in LV function (Table I) . At 24 h, the LVEDV, LVEDV/mass ratio and % infarction zone (IZ) were higher in the VEH, LOS, IL-6, and LOS+IL-6 groups, compared with those in the sham group. No differences were observed in these parameters among the HF rats assigned to the LOS, IL-6, LOS+IL-6 or the VEH treatment groups at 24 h (P>0.05). At 4 weeks, LVEDV and LVEDV/mass ratio were higher, compared with the 24-h baseline values in the LOS, LOS+IL-6 and vehicle-treated HF rats (P<0.01). At 4 weeks, LVEF was higher in the HF rats in the LOS and LOS+IL-6 treatment groups, compared with the HF rats in the VEH or IL-6 treatment groups (P<0.01). The LVEDV and LVEDV/mass in the HF rats, which received LOS or LOS+IL-6 were lower, compared with those in the rats in the VEH and IL-6 treatment groups (P<0.01), whereas no significant difference were observed between the LOS and LOS+IL-6 groups (P>0.05).
Location and expression of Fra-LI activity. The immunohistochemistry showed that the staining intensity of Fra-LI was minimal in the sham group (Fig. 1) . Fra-LI activity is an indicator of chronic neuronal excitation. Lower levels of Fra-LI immunostaining were detected in the LOS and LOS+IL-6 groups, compared with those in the VEH and IL-6 groups (P<0.01). The HF rats treated with IL-6 had increased Fra-LI-positive PVN neurons, compared with those in the VEH, LOS and LOS+IL-6 groups (P<0.01). No significant differences were observed between the LOS and LOS+IL-6 groups (P>0.05; Fig. 2 ).
nNOS gene expression. In order to investigate the mechanism responsible for alterations in the HF mice, mRNA levels of nNOS were analyzed using RT-qPCR analysis (Fig. 3) . Compared with the VEH group, the mRNA expression levels of nNOS were significantly increased in the sham group (P<0.01), LOS group (P<0.05) and LOS+IL-6 group (P<0.05).
The HF rats treated with IL-6 had fewer nNOS-positive neurons, compared with the rats treated with LOS+IL-6 (P<0.01). No significant difference the expression of nNOS in PVN neurons was observed between the LOS group and LOS+IL-6 group (P>0.05).
Gene expression of CRH. Compared with the sham group, the mRNA expression of CRH was significantly increased in the LOS group, LOS+IL-6 group and VEH group (P<0.01). By contrast, the mRNA expression levels of CRH were decreased in the LOS and LOS+IL-6 groups, compared with that in the IL-6 group (P<0.01). The rats treated with IL-6 had a higher number of CRH-positive neurons, compared with the rats treated with LOS+IL-6 or VEH (P<0.01). No significant difference in the gene expression of CRH in PVN neurons was observed between the LOS group and LOS+IL-6 group (P>0.05; Fig. 3 ).
Protein expression of nNOS. Western blot analysis was used to examine whether the protein levels of nNOS correlated with alterations in its mRNA levels (Fig. 4) . Compared with the VEH group and IL-6 group, significant increases in the protein expression of nNOS were observed in the sham group, LOS group and LOS+IL-6 group in the blots (P<0.01). The rats treated with IL-6 exhibited lower expression of nNOS, compared with the rats treated with LOS+IL-6 (P<0.05). No differences in the protein expression of nNOS were found between the LOS group and LOS+IL-6 group (P>0.05).
Protein expression of CRH. Western blot analysis was used to examine whether the protein levels of CRH were correlated with alterations in its mRNA levels (Fig. 4) . Compared with the sham group, significant increases in the expression levels of CRH were observed in the VEH group, LOS group, LOS+IL-6 group and IL-6 group in the blots (P<0.01). The rats treated with IL-6 exhibited higher expression of CRH, compared with the rats treated with LOS+IL-6 (P<0.01). No difference in the protein expression of CRH was observed between the LOS group and LOS+IL-6 group (P>0.05).
Serum levels of IL-6 and NE. Compared with the sham group, the levels of IL-6 and NE were significantly increased following treatment (P<0.01; Fig. 5 ). Compared with the VEH group, treatment with LOS and LOS+IL-6 significantly decreased the expression of IL-6 and NE (P<0.01), and treatment with IL-6 increased the levels of IL-6 and NE (P<0.05). No significant differences were observed in the levels of IL-6 or NE between the LOS group and LOS+IL-6 group (P<0.05; Fig. 5 ).
Discussion
Despite modern advances in technology, HF remains a leading contributor to morbidity and mortality rates worldwide (24) . Sympathoexcitation is a pathophysiological hallmark of HF (25) . Studies have indicated that excitation is negatively correlated with the prognosis of HF (26, 27) . However, the precise mechanism underlying HF remains to be fully elucidated. In the present study, it was found that IL-6 was associated with AT1-R in rats with HF. Treatment with LOS led to increased nNOS, decreased CRH and NE, and improved heart function. The effect of IL-6 was opposite to that of LOS in HF, and treatment with LOS reduced the damaging effects. It has been reported that enhanced sympathetic nerve activity (SNA) and inflammatory cytokines lead to severe ventricular arrhythmias, which is the major contributor to rates of mortality among patients with HF (28, 29) . The increase in SNA in HF is due to an imbalance between inhibitory and excitatory mechanisms within specific areas in the central nervous system (CNS), including the PVN of the hypothalamus (30) . SNA to the kidneys results in renal vasoconstriction, increased renal sodium retention and increased renin release, and consequently to elevated levels of angiotensin II and aldosterone (31) . An increasing number of experimental studies have suggested that PVN is key in the progression of HF (26) . Studies have found that CRH and NE contribute to sympathoexcitation in rats with ischemia-induced HF (32, 33) . The results of the present study are consistent with these previous studies. LOS, as an angiotensin receptor inhibitor, has been used in clinical management for several years (34) ; it decreases plasma renin activity and inhibits the conversion of angiotensinogen to angiotensin I. In the present study, it was found that IL-6 stimulated the expression of CRH and NE, and led to worsening heart function. The microinjection of IL-6 and LOS in combination attenuated the effects of IL-6. Taken together, the results indicated that IL-6 increased sympathetic activity to simulate the progression of HF via the AT1-R pathway.
Previous studies have suggested that repressing the production of cytokines improves sympathetic activity in rats with HF (35) . For example, it was found that the production of TNF-α and IL-1β leads to abnormal LV dysfunction and remodeling in the progression of HF (7, 36, 37) . IL-6 is known to regulate inflammatory reactions, immunity and neural development (38, 39) . Higher expression levels of IL-6 in plasma and cardiac tissue directly correlate with HF (40, 41) . There are few reports describing the association between IL-6 and PVN in HF, although IL-6 receptor is increased in the PVN of rats with HF (42) . In the present study, it was also found that plasma levels of IL-6 were elevated in HF rats, which correlated with the severity of heart function. In accordance with these findings, the present study identified that treatment with LOS improved cytokine-induced diastolic and systolic dysfunction in HF rats. Su et al (43) revealed that AT1-R inhibitor significantly reduces the level of IL-6 in macrophages. These data indicate the cross talk between cytokines and AT1-R in HF. In the present study, treatment with IL-6 deteriorated heart function, whereas the AT1-R inhibitor alleviated the dysfunction induced by IL-6. This suggested that AT1-R may be a target site for IL-6 in PVN.
In addition to interaction with cytokines, AT1-R inhibitor has also been reported to interact with NO in the PVN of animals with HF. NO is a gaseous neuromodulator substance, which is key in the regulation of sympathetic tone (44, 45) and protection of endothelial function (46) . However, the role of nNOS in the pathophysiology of HF remains to be fully elucidated. The reduced production of NO may lead to amplification of the angiotensin II signal and enhance sympathetic activity (47) . In the neurons of the PVN, nNOS exerts an important function in controlling central sympathetic outflow and enhancing sympathetic activity in HF (48) . In the present study, it was found that LOS significantly increased the expression of nNOS and improved LV function, whereas IL-6 had adverse effects. Therefore, in addition to inhibiting SNA, LOS increased the expression of nNOS, which delayed the process of HF.
Taken together, the results of the present study demonstrated that the interaction between AT1-R and IL-6 is important in HF, and treatment with LOS significantly attenuated the effects caused by IL-6, which was accompanied by imbalance in sympathoexcitation and nNOS in the PVN.
